The role of the plasminogen activation system (PAS) was investigated during the course of infection of a relapsing fever Borrelia species in plasminogen-deficient (plg -/-) and control (plg +/+ and plg +/-) mice. Subcutaneous inoculation of 10 4 spirochetes resulted in a peak spirochetemia five days after infection with 20-23 × 10 6 organisms per milliliter of whole blood in all mice, indicating that the PAS had no effect on the development of this phase of the infection. Anemia, thrombocytopenia, hepatitis, carditis, and splenomegaly were noted in all mice during and immediately after peak spirochetemia. Fibrin deposition in organs was noted in plg -/-mice but not in controls during these stages. Significantly greater spirochetal DNA burdens were consistently observed in the hearts and brains of control mice 28-30 days after infection, as determined by PCR amplification of this organism's flagellin gene (flaB), followed by quantitative densitometry. Furthermore, the decreased spirochetal load in brains of plg -/-mice was associated with a significant decrease in the degree of inflammation of the leptomeninges in these mice. These findings indicate a role for the PAS in heart and brain invasion by relapsing fever Borrelia, resulting in organ injury.
siveness in in vitro assays, degradation of extracellular matrix components, and a role in dissemination, with enhanced penetration across biological barriers (28) (29) (30) (31) (32) (33) (34) .
Through early studies in the first half of this century, the brains of animals infected with various species of relapsing fever Borrelia were shown to remain infectious after the spirochetemic phases (3) . Residual brain infection, but not gross central nervous system (CNS) abnormalities, was demonstrated recently in a mouse model of B. hermsii (35) and in a severe combined immunodeficiency (SCID) mouse model of B. turicatae (36) . The latter study also demonstrated that CNS infection was serotype-specific (37) . Another murine model using a blood isolate from a patient with relapsing fever (38) showed that meningitis developed shortly after the third peak of spirochetemia (39) . This model, as is the case with other murine models of relapsing fever, closely resembles the human infection (1, 3) . The model relies on cutaneous inoculation of the organisms to produce the characteristic relapsing spirochetemia, reticuloendothelial system activation, and meningitis. That this Borrelia sp. is capable of a consistent course of illness in several strains of immunocompetent mice presented the opportunity to ask, using plasminogen-deficient mice (10) , whether the PAS has a role in the development of the recurrent spirochetemia of relapsing fever, and in the organ invasion and organ injury characteristic of this disease.
Methods
Spirochetes. An uncultivable Borrelia species isolated from a patient with relapsing fever was used for all of the experiments and was maintained in the laboratory by mouse-to-mouse passage (38) or from frozen (liquid N 2 ) citrated whole blood in 20% glycerol.
Experimental procedures. Transgenic mice of a mixed 129/Black Swiss background were reared at the Division of Developmental Biology at the Children's Hospital Research Foundation in Cincinnati, Ohio, USA (10) . Littermate pairs of 2-2.5-month-old plasminogen-deficient (plg -/-) and heterozygous (plg +/-) and homozygous (plg +/+ ) control mice of both sexes were used for all the experiments. The genotype of the mice was determined by PCR as described (11) . The phenotype of the mice was confirmed by immunoblotting the plasma (34) .
The mice were inoculated subcutaneously with 10 4 spirochetes that had been harvested from a donor mouse at the time of the first peak of spirochetemia. Citrated (0.11 M sodium citrate), infected blood from the donor mouse was centrifuged for 8 s at 800 g in an Eppendorf Model 5415C (Eppendorf North America, Inc.,Madison, Wisconsin, USA) (Hamburg, Germany) to remove the plasma with the majority of the spirochetes. The erythrocyte pellet was subsequently washed three times with HBSS supplemented with 2% BSA (Sigma Chemical Co., St. Louis, Missouri, USA), and the procedure was repeated to recover spirochetes in the medium. Spirochetes harvested in HBSS (without BSA) were used for the inocula to minimize contamination of plasma proteins in the inoculum. Spirochetemia was monitored by direct blood examination under darkfield microscopy. The number of organisms in 5 ml of a 1:10 dilution of whole blood in HBSS was counted to derive the numbers of spirochetes/ml of whole blood. Mice were weighed and sacrificed by CO 2 inhalation at the time of the first peak of spirochetemia, 1-2 days after the first peak, and at 28-30 days after inoculation. Blood was collected in citrate by cardiac puncture immediately after euthanasia and divided in half. Half the blood was used for PCR, and the other half was used to obtain hematologic values. Total numbers of erythrocytes, hematocrit, hemoglobin, and numbers of platelets and leukocytes were obtained with a Coulter STKS Hematology Flow Cytometer (Beckman Coulter Inc., Miami, Florida, USA). The spleens were weighed and divided in half. Hearts, kidneys, liver, and brains were also divided in half for PCR and for histology. Uninfected controls of all three plg genotypes were treated in the same manner.
Figure 1
The mean course of the spirochetemia in plg -/-(circles), control plg +/-(diamonds), and control plg +/+ (squares) mice (n = 10 mice of each genotype) in a logarithmic scale after subcutaneous inoculation of 10 4 organisms. Error bars for each point were omitted for clarity; the highest SD at peak was 1.4 × 10 6 organisms.
Table 1
Hematologic values of control (plg +/+ and plg +/-) and plg -/-mice inoculated with 10 4 organisms measured at peak and after peak spirochetemia Detection of Borrelia species' DNA in murine tissues using the PCR. Genomic DNA was extracted from organs as described (40) . Genomic DNA from 200 µl of whole blood was isolated with Easy-DNA (Invitrogen Corp., San Diego, California, USA) according to the manufacturer's instructions. DNA was quantitated by spectrophotometry, aliquoted, and stored at -20°C. A standard curve was generated by serial dilution of a known number of spirochetes in mouse blood. This curve was used as a positive control in all PCR experiments.
The flaB gene (flagellin), used in an earlier study to demonstrate the phylogenetic difference between this new Borrelia isolate and other known relapsing-fever organisms, was the target for its detection in murine tissues (38) . Oligonucleotide primers fla-1 5′-GCTCAAATTAGAGGATTATCCCAAGC-3′ and fla-2 5′-GCATCTGAATATGTACCATTACCAG-3′ generated an efficiently amplified DNA fragment (EMBL/GenBank accession No. U28499). Each PCR reaction tube contained 60 pmol of each primer, 2.5 U of Native Taq DNA Polymerase (Roche Molecular Systems, Branchburg, New Jersey, USA), 10 ml of 10× PCR buffer (100 mM Tris-HCl with pH 8.3, 500 mM KCl), 20 ml of MgCl 2 (25 mM), 2.8 ml each of dATP and dTTP (10 mM), and 1.2 ml each of dCTP and dGTP (10 mM) (Promega Corp., Madison, Wisconsin, USA). The optimal amount of template DNA (450 ng) for detection of Borrelia in infected murine tissues had been determined as described previously (34) . Sterile distilled water (dH 2 O) was used to bring the final volume of each PCR reaction to 100 ml. PCR was carried out using the GeneAmp PCR System 9600 (Perkin-Elmer Corp., Norwalk, Connecticut, USA). PCR conditions consisted of 15 s of initial denaturation at 94°C, followed by 45 cycles of 94°C (15 s), 67°C (30 s), and 72°C (15 s). At the end of 45 cycles, samples were held at 72°C for 7 min and stored at 4°C, concentrated by SpeedVac (Savant Instruments Inc., Holbrook, New York, USA), and loaded onto a 2% agarose gel. Negative controls included dH 2 O and DNA from uninfected mouse tissues for experimental template DNA. Gels were electrophoresed at 70 V and stained with ethidium bromide. Images were scanned into a computer imaging program with a GS-670 Imaging Densitometer (Bio-Rad Laboratories, Hercules, California, USA). Densitometric data given as OD of the amplimers allowed for comparisons of relative spirochetal burdens.
Histology. Peripheral blood smears were fixed in absolute methanol and stained with Giemsa (Sigma Chemical Co.). Organs were immediately fixed in 10% buffered formalin and embedded in paraffin. Hearts, livers, spleens, and kidneys were sectioned at 8 µm for staining with hematoxylin and eosin, with Dieterle's stain to view spirochetes, and with the Martius-scarlet-blue method to view fibrin deposition. Brains were also sectioned at 15 µm to use with antibody F4/80 (41, 42) , a rat monoclonal antibody to a murine mature macrophage-microglia antigen (Harlan Bioproducts for Science Inc., Indianapolis, Indiana, USA). After quenching with H 2 O 2 and blocking with BSA, the thick sections were incubated with the antibody to F4/80, followed by an incubation with biotinylated secondary anti-rat IgG (Vector Laboratories, Burlingame, California, USA). The avidin-biotin-peroxidase complex was developed with diaminobenzidine and H 2 O 2 (18) . Morphometric analysis to determine the extent of meningitis was carried out using OPTIMAS 5.0 imaging analysis software (Optimas Corp., Bothell, Washington, USA). Statistical analyses were done with the InStat 2.01 Statistical Software Package (GraphPad Software, San Diego, California, USA).
Results
The mouse PAS has no effect on spirochetemia and on relapses. Subcutaneous inoculation of 10 4 Borrelia species into plg +/+ , plg +/-, and plg -/-mice resulted in peak spirochetemias that reached similar numbers of organisms per milliliter of blood (Fig. 1) . The prepatent period in the plg -/-mice was slightly, but not significantly, delayed relative to the control mice. All mice reached levels of 20-23 × 10 6 spirochetes per milliliter of blood within 5-6 days of inoculation. The timing of the second and third peaks was not influenced by the mouse phenotype; nor were the levels of spirochetemia in the subsequent peaks. At ∼20-21 days, spirochetes were no longer evident in the blood of any mice, indicating that the PAS had no effect on the dura- tion of the spirochetemia (Fig. 1) . These organisms, as is the case with other relapsing fever borreliae (29, 30) , bind plasmin(ogen) specifically under experimental conditions; they also bind plasminogen in mice in in vivo conditions, as detected by immunofluorescence (data not shown).
Murine relapsing fever leads to anemia, thrombocytopenia, and organ pathology. Anemia was detected in all mice at peak spirochetemia and became more marked during the period after peak (Table 1) . Thrombocytopenia was a major finding in this infection in all mice, and unlike the anemia, the levels of platelets remained low at 28-30 days after inoculation (Table 1) . Leukocytosis was an erratic finding (with a range of 2.5-13 × 10 3 /µl in all infected mice), as can be seen by the standard deviations of the measurements ( Table 1 ). The differentials consisted uniformly of absolute increases in the numbers of lymphocytes, atypical lymphocytes, and monocytes in all mice (data not shown).
The histopathology of the liver and spleen at peak and after peak of this infection has been described (38) and, apart from fibrin deposition in the plg -/-mice, was not markedly different among the three groups. As has also been described for plg -/-mice, extensive hepatic fibrin deposition was also noted in the uninfected mice (10) but was qualitatively more pronounced in the infected animals at peak and after peak than in the uninfected controls (not shown). Splenomegaly is a feature of this infection (38) , but the weight of the spleens was not significantly different among the three groups of mice. There was no significant pathology associated with the kidneys in any of the animals. The hearts of infected mice, regardless of genotype, showed perivascular mononuclear cell infiltrates in the pericardium during peak spirochetemia. Focal myocarditis with mononuclear cell infiltrates, interstitial edema, and isolated muscle fiber necrosis developed in all mice after peak and persisted for 28-30 days after inoculation (Fig. 2a) . Morphometric assessment of the hearts did not yield convincing data regarding differences in inflammation among the plg -/-and control mice.
The PAS has an effect on the histopathology of the brain as a result of the infection. Submeningeal fibrin deposition was seen in the brains of plg -/-mice at peak and after peak, and persisted to 28-30 days after inoculation (Fig. 2b) . Fibrin deposition in brain tissue was not noted in infected control mice or in uninfected plg -/-mice. A meningitis with mononuclear cell infiltrates is an outcome of this infection in mice at ∼25-30 days after inoculation (39) . All infected mice, irrespective of genotype, developed meningitis of variable severity, submeningeal edema, and plexitis, but inflammatory cell infiltrates in the brain parenchyma were not found. An initial qualitative assessment indicated that the degree of meningeal inflammation was greater in control than in plg -/-mice. To verify this observation, an inflammatory index was devised.
The inflammatory index was determined by examination using a blinded investigation of three sagittal 8-µm sections of brains stained with hematoxylin and eosin (with each of the three sections separated by 24 µm of tissue). Three areas of meningeal infiltrates were classified according to their depth: a value of 0 was assigned
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The Journal of Clinical Investigation | January 1999 | Volume 103 | Number 1 to normal meninges (Fig. 2c) ; a value of 1 was assigned to areas with one layer of infiltrating cells (Fig. 2d) ; a value of 2 was assigned to areas with two layers (Fig. 2e) ; and a value of 3 was assigned to meningeal areas of three or more infiltrating cell layers (Fig. 2f ). Means were obtained for these values for the three sections examined, and added to a value of 1 for each of the following: infiltrates of the brain parenchyma, plexitis, and submeningeal edema. According to this scheme, the mean (± SD) inflammatory index for 11 control mice (2.9 ± 0.4) was significantly different (P < 0.01, two-tailed Student's t test) from the mean for 11 plg -/-mice (1.4 ± 0.4). There were no differences between plg +/+ and plg +/-mice. Focal, perivascular microgliosis (F4/80 positive cells) was a prominent response in this infection at 28-30 days after inoculation. Foci were unevenly distributed throughout the brain sections in all mice and formed tight clusters around blood vessels (Fig. 2g) . Although rare, solitary microglia were noted (Fig. 2h) , the tight clustering of these large cells around the vessels did not permit accurate enumeration. Monocyte/macrophages infiltrating the leptomeninges and the choroid plexus also reacted with F4/80 (not shown). Spirochetes were not detected in any brain sections (Dieterle's stain) at 28-30 days.
The PAS has a role in heart and brain invasion. PCRs of blood at peak and after peak of spirochetemia were strongly positive. This was expected, because at peak the organisms are readily visible (by microscope) in the blood, and after peak the blood is laden with granular material (possibly debris from lysed organisms) or with spirochetes whose numbers may be below the limits of microscopic detection (Fig. 3a) . In contrast, amplification of flaB in blood at 28-30 days was virtually undetectable. Of 11 pair of bloods from infected mice examined, only two mice (one control and one plg -/-) had optical density (OD) values of the amplimers greater than those obtained as background values from uninfected mice (Fig. 3a) . The lack of reactivity of the blood at 28-30 days permitted the amplification of spirochetal DNA in tissues without possible contamination from blood-derived organisms. PCRs were performed on the hearts of 10 pair of control and plg -/-mice (Fig.  3a) , and scanned using a densitometer. The mean OD of the controls (0.054 ± 0.022) was significantly higher (P = 0.0007, two-tailed Mann-Whitney test) than the mean OD of the plg -/-mice (0.012 ± 0.014) (Fig. 3b) . PCRs performed on the brains of 11 pair of control and plg -/-mice (Fig. 3a) and scanned by densitometer had a mean OD of the controls (0.104 ± 0.017) that was significantly higher (P = 0.0087, two-tailed Student's t test) than the mean OD of the plg -/-mice (0.037 ± 0.013) (Fig. 3c) . A significant (P < 0.0015) positive correlation was obtained between the OD of the amplimers and the values of the inflammatory index (Fig. 4) .
Discussion
The murine model of relapsing fever used in this study is particularly suitable for characterizing the entire course of infection in the presence or absence of the PAS. In addition, the effects of this infection in immunocompetent mice were established from its natural site of entry in the skin, to the spirochetemic phases, and to organ invasion. This study has shown that the PAS has an effect on the invasion of the CNS by a relapsing fever Borrelia, and indirectly on the CNS response to the invading organisms. Similar effects on invasion of the heart were noted but without a noticeable difference in the inflammatory response in this organ. The PAS did not have a role in the establishment, duration, and levels of spirochetemia, nor did it affect the number and duration of the relapses, or the hematologic changes or other organ pathology that occurred as a result of the infection.
Entry to the CNS by microorganisms from the blood requires an alteration in the blood-brain barrier (BBB) (43) . The interactions of the PAS with the tight junctions of the endothelium of the CNS vasculature that would permit increased permeability and access have not been studied in detail. The lack of spontaneous fibrin deposition in the brains of plg -/-mice, unlike the deposition of fibrin in other organs (10) , suggests that the PAS alone does not have an effect on the integrity of the BBB. This leaves the possibility that CNS invasion from the blood by the relapsing fever Borrelia is facilitated by the use of the PAS by the organisms themselves. Plasmin-coated organisms could use the plasminogen receptors that have been reported in endothelium as a means of initial anchoring (44) , and their enhanced proteolytic capacity could make it easier to move across the tight junctions of endothelium, basement membrane, and astrocytes. Our results showed significantly increased levels of spirochetal DNA, as well as increased inflammation, in the brains of control (plg +/+ and plg +/-) mice. The high level of correlation between these two measurements indicates that the greater inflammation in the brains of control mice is a response to the higher numbers of organisms. The mononuclear cell infiltrate in this infection is identical to what has been described for humans and for other animal models (1, 3) . This infection also results in an obvious increase in perivascular microglia. Although the origin of the perivascular microglia (pericytes, F4/80-positive cells) is debated (41, 42, 45) , their
Figure 4
Correlation between the mean OD of the PCR of brains and the corresponding inflammatory index value for each control and plg -/-mouse (11 pair; two of the points overlap).
location around blood vessels, and the large numbers of F4/80-positive cells infiltrating the leptomeninges, suggest that these cells are recruited from the circulation, particularly because there was an absolute increase in the numbers of monocytes in the peripheral blood. In this regard, plg -/-mice exhibit normal activation of microglia, and these cells in mice can produce PAs (21) . Under pathological conditions, neurons of mice can produce plasminogen (46) . It is also known that human-infiltrating monocytes express plasminogen activators (47, 48) . Invading spirochetes bound with plasminogen could rely on local activation in the CNS and start a proteolytic process that results in neurologic injury. Alternatively, the locally activated PAS could supply the components for plasmin acquisition by dividing organisms in the CNS. Relapsing fever Borrelia and B. burgdorferi can adhere to neural cells (49) (50) (51) , and their capacity to cause injury may be enhanced by the PAS. It will be interesting to determine the ultimate role of the PAS, both inside and outside the CNS, in protecting against invading organisms. Specifically, does a PAS-mediated or PASenhanced inflammatory response in the CNS work to the advantage of the pathogen or its host?
The relapsing fever Borrelia invaded the heart with resulting histopathology that was similar to that described for B. turicatae infection in SCID mice (36) and for infection of B. burgdorferi in both SCID and C3H/He mice (52, 53) . Unlike the brains, the levels of inflammation in the hearts of the control and plg -/-mice did not appear to be different. That both the hearts and brains of control mice had greater burdens of spirochetal DNA would suggest that the role of the PAS is in the invasion of these organs.
The PAS was not important in all phases of this multisystemic infection. Clearly it did not affect the penetration of the organisms from the cutaneous tissues to the blood, because the levels of spirochetemia were identical in all mice. The PAS presumably had no role in the production of the antibodies that are thought to mediate the abrupt end of the spirochetemia; thus, the subsequent peaks proceeded normally. Anemia and long-lasting thrombocytopenia are known features of human relapsing fever (1) . We documented these features in this model, and their development was not affected by the lack of plasminogen. The extensive fibrin deposition in the brains of infected plg -/-mice suggests that fibrin accumulation in this tissue is a feature of the infection in these mice (10) . Likewise, plg -/-mice appear to have normal numbers of platelets (10) . The pathophysiology of the anemia and thrombocytopenia in this infection is not understood. The Borrelia species used in this study can bind platelets, as observed in fluid blood preparations under dark-field microscopy, and B. burgdorferi can bind platelets as well (54, 55) . On the other hand, while binding to platelets by the spirochetes may partly explain the thrombocytopenia as a consumptive mechanism, we did not see any evidence of microthrombi in the tissues examined at peak spirochetemia. This organism did not exhibit the erythrocyte rosette formation that has been reported for a closely related species, B. crocidurae, which could partly explain the anemia seen here (56) .
As the interactions of the host's PAS with pathogenic bacteria become a common feature of mechanisms of bacterial pathogenesis, it is apparent that use of the PAS is selective, even by the same organism at various stages of the infection. It is now becoming increasingly clear that the effect of the PAS is not uniform in dissemination or invasion. At the same time, the availability of transgenic mice for most of the known components of the fibrinolytic system is advancing our knowledge of this system in areas not been previously envisioned. Specifically, the role of the PAS in neurologic infection deserves further study.
